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HYDROGEN AS FUEL AT MACH NUMBER OF 3.0 

By Joseph F. Wsserbauer 

An experimental  investigation was conducted in the  Lewis 10- by 10- 
foot  supersonic  %ind  tunnel on a U-inch ramjet  that was equipped  with 
an afterburner and used  gaseous  hydrogen  for  both  the  primary and after- 
burner fuels. The primary nozzle  had a contraction  ratio of 0.6 while 
the  exit  nozzle had a contraction  ratio of 0.9. Data were  obtained  at a 
free-stream  Mach  number of 3 .O and zero angle of attack. 
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The  results of this investigation  illustrate  that  at a constant 
diffuser-exit  Mach  number  afterburner  operation  produces  more than 
twice  the  thrust  available  without  afterburning. An over-all ccm- 
bustion  efficiency of 77 percent  with a specific fuel cozlEnrmption of 
0.98 and a specific impulse of 3680, based on net  internal  thrust, 
was obtained  with  afterburning. 
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INTRODUCTION 

Successful  afterburning in a 16-inch  ramjet  with  large thrust in- 
creases  without  the  necessity  of exit nozzle-throat area variation was 
reported in reference 1. However, the cmbustion efficiency was rather 
low. Propylene oxide was used as both the primsry and afterburner fuels 
in the  tests of reference 1, and  it w&s concluded  that in order  to make 
the  ramjet  afterburner  practical,  fuels  having  greater  reaction  rates 
and burning with  higher  efficiencies  are  necessary.  Recent work with 
hydrogen (refs. 2 and 3) indicates  that  this  fuel might provide  the an- 
swer  to a practical  afterburning m e t .  

An  investigation was therefare  undertaken  to  evaluate  the perfom- 
ance of a hydrogen-fhel m e t  equipped  with an afterburner.  The in- 
vestigation was conducted In the Lewls 10- by  10-foot  supersonic wind 
tunnel  at a free-stream Mach mmber of 3 .O and zero angle  of  attack. 
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SYMBOIS 

maximm frontal  area of model [X-in. dim. ] 

net-internal-thrust  coefficient  (based on max. model  area), 

F, net  internal  thrust  (exit mmentum - free-stream momentum) 
f/a  fuel-air  ratio 

2 length of diverging  section of pr- nozzle 

M Mach  number 

P total  pressure 

P static  pressure 

q, free-stream  dynamic  pressure 

sfc  specific fuel conmmption  based on net  internal  jet  thrust,  wf/Fn 

X static  tube  location on diverging  section of primary nozzle 

x/?. ratio of static-pressure  tube  location ta over-all  length  of 
diverging  section o f  primary  nozzle 

wf fuel  flow,  lb/hr 

% combustion  efficiency, Final  enthaply - Initial  enthalpy 
Available  heating  value 

Subscripts: 

8 secondary 

0 free-stream  conditions 

2 airflow  measuring  station  (model  station, 65 in. 1 
3 diffuser-exit  station  (model  station, 108.125 in.) 
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A schematic diagram of the 16-inch-diameter  ramjet  engine ecpLpped 
with the  afterburner used in th i s  fnvestigation i s  shown in figure 1. 
Also i l lust rated is a  cross  section of the  ramjet showing the primary 
nozzle and afterburner  fuel  injectors. The tests were conducted in the 
Lewis 10- by 10-foot  sqersonic wfna tunnel a t  a free-stream Mach nm- 
ber of 3.0 and zero  angle of attack at a sFmulated pressure  altitude of 
71,000 feet. The tunnel total temperature was 664OBo R. 

The supersonic inlet ,  subsonic diffuser, and prlmary Fqjector  are 
the same as  those of reference 3. The afterbmer iqfectors, which had 
an airfoil  cross  section, were located 0.50 inch downstream of the 
converging-diverglng  primary nozzle. Eight injectors of two  different 
lengths were placed 450 apart. For some of the tes t s  the large  injec- 
tors were  removed. The primary  nozzle had a contraction ratio of 0.6 
wfiile the afterburner-exit  nozzle had a contraction ratio of 0.9.  The 
prFmElry nozzle wa6 sh&rp-edged at  the throat  section with a 150 diver- 
gent  angle. The length of the primary  canbustor was 26.75 inches m e a s -  
ured frceu the  point of fuel injection t o  the begihning of the converging 
section of the prFmary nozzle. The length of the  afterburner was 25.75 
inches measured flrm the end of the  diverging  section of the primary 
nozzle to the beginning of the exi t  nozzle. N e i t h e r  length was varied 
during  the  operation. A spark plug was not needed for ignition in the 
afterburner  since  the source of ignition of the afterburner fuel  was the 
hot gas frm the primary combustor. 
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Fuel for  the primary burner was ducted through the centerbody, 
and, for convenience in fabrication,  fuel for the  afterburner was intro- 
duced through a system of pipes  located  outside the model (fig. 1). A 
photograph of the ramjet afterburner and f’uel system i s  shown in figure 
2. The hydrogen fuel was stored as a , p s  i n  cylinder tanks at a pres- 
sure of 2400 pounds per square  inch gage. Fuel was taken  directly from 
the  stora  e  cylinders through a  pressure-reduc  valve, tm m e t e r i n g  
orifices f for  afterburner and primary fuel  , and a t h ro t t l i ng  
valve t o  the engine. 

W s s  flow entering the met was calculated in the Same manner as 
reported in reference 3. Diffbser  static and total  pressures were  meas- 
ured a t  the  pressure survey rake station  indicated on figure 1. Ekdt 
total pressure was measured with a water-cooled tail rake located We- 
a a t e w   a f t e r  the exhaust nozzle. N e t  internal  thrust   (exit  momentum 
minus free-stream mamenturn) was then  calculated f r c m  the exit total 
pressure. The exi t  t o t a l  t q e r a t u r e  was also  calculated f’rcm the meas- 
ured exit  t o t a l  pressure and continuity  relation.  Cmbustion  efficiency 
qB was calculated frm the enthalpy r i s e  of the gas through the primary- 

of the fbel. 
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* canbustor and afterburner  sections  divided by the  available heat content 
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In the  method  used for  calculating T~B,  no account was made of 
changes in  gas properties accompanying  combustion efficiencies less than 
100 percent. A check using a  more refined procedure indicates  that  
burner  efficiencies would appear somewhatlower than  those  presented. 
For example, at a recorded  burner  efficiency of 74 percent,  calculation 
by the  refined method  would reduce the apparent  efficiency t o  70.5 per- 
cent. This apparent error i n  m would increase  in  proportion to the  
decrease in  calculated qB below 100 percent. However, compensating 
errors due t o  thermal expansion of  the nozzle-discharge  area and to   hea t  
losses through the engine shel l  were not included in  the  analysis.  4 

Hence, the combustion efficiencies  presented axe believed more represent- 
ative  than  those  that would be  obtained from the  refined  analysis. 

E 

A static-pressure survey of the gas  flowing into  the  afterburner 
was  made on the  diverging side of the primary nozzle  Just after the  pr i -  
mary throat as shown i n  figure 1. 

During af'terburner operation  the  inlet was maintained at-the same 
operating  point by sensing  the  noma1 shock  by means o F a  backward-facing 
total-pressure probe  located  6.5  inches doxnstream of the  cowl l i p .  The 
shock position w a s  regulated by varying  the primary-burner fue l  flow as 
afterburner  fuel flow was varied. 

RFSULTS AND DISCUSSION 

The diffuser performance of the 16-inch ramjet engine equfpped with 
an  afterburner is the same as that  reported i n  reference 3. The i n l e t  
operating  point(M3 = 0.185; Pz/Po 0.50) wa8 held  slightly  supercriti- 
ca l   for  convenience i n  avoiding buzz. 

I n  reference 1 afterburner  operation was accomplished by keeping the 
diffuser conditions  constant. However, i n  order t o  keep a constant dif  - 
fuser  operating  condition  during the present test, the primary-combustor 
fue l  flow had t o  be  varied  because the primary nozzle appeared t o  be un- 
choked. Since the presence of  the afterburner  fuel  injectors might 8c- 
count for   th i s ,  tests were made with  the  four  large  injectors removed. 
Data showing the  resulting wall static  pressures measured in  the  diver- 
gent  part of the  nozzle m e  presented. i n  figure 3. For the  no-burning 
case  (fig. 3(a)) ,  it appears that   the  primary nozzle is  choked with the 
flow probably  separated. A r i s e  i n  s t a t i c  pressure, which was reduced by 
removal of-the  large  injectors,  occurred near the end of the  diverging 
section. With the primary burner i n  operation (f 3.g. 3(b) ) , removal  of 
the  large  afterburner  injectors appears t o  have a marked e f fec t   in  reduc- 
ing  the wall static  pressure. During af'terburmer operation  (fig. 3( c) ) , 
the primary nozzle i s  unchoked at the high afterburner  fuel-sir  ratios 
and probably at the low fuel-air   ratios.  Again, the removal of the  large 

r 
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injectors reduced the w a l l  static  pressure at both  the  high and Low fuel- 
a i r   ra t ios .  The wall static  pressures were constant  along the length f o r  
the high and low afterburner  fuel-air ratios w i t h  the  large  injectors 
removed. A possible  explanation of t h i s  might be propagation and burning 
of the  afterburner  fuel forward into  the  separated  region of the nozzle. 

* 

LC 
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In reference 1 the  diffuser-exit Mach  nuuiber w a s  slightly reduced 
as  the  afterburner fuel f low was increased,  probably because of the 
method of afterburner  fuel  injection. In  this investigation the effect 
was more pronounced even though fue l  was not  injected ahead of the pr i -  
mary nozzle. The primary fuel  flow w a s  decreased i n  order t o  keep the 
diffuser  operating  condition  constant while increasing  afterburner f u e l  
flow. Large increases i n  net internal th rus t  were obtained  with after- 
burner  operation. 

The net-internal-thrust  coefficient with and without ramjet after- 
burning is  shown i n  figure 4.  For prfmary-burner operation only, the 
data were obtained with the afterburner  configuration  cut  off at  the 
prinary nozzle throat in order t o  m e a s u r e  the total   pressure a t  thts 
point.  Operation with only the primary burner and nozzle gave a net- 
internal-thrust  coefficient of nearly 0.6 a t  the diffuser-exit Mach nm- 

I ber used for operation  of the afterburner. 

For afterburner  operation  the  net-internal-thrust  coeffieient  in- 

w i t h  only the primary burner in operation. Even greater increases i n  
thrust can be realized  with  the employment of larger exit nozzles. 

8 creased from 0.6 t o  1.285. This. is  more than  twlce  the thrust available 

Variations of fuel-air  ratio, combustion efficiency, and specific 
fie1 consumption with the net-internal-thrust  coefficient  for these data 
are shown in  f igure 5. Without afterburner  operation the peak thrust 
coefficient of 0.6 reached corresponds t o  a cmbustion  efficiency of 83 
percent and a specific  fuel consumption of 0.84 (based on net internal 
thrust) .  

During afterburner  operation, a peak combustion efficiency of 77 
percent was achieved w i t h  an increase in thrust coefficient  of 83 per- 
cent a t  this point i n  afterburner  operation. !&e corresponding specific 
fuel consumption was 0.98. Further increases in heat addition  (increas- 
ing  fuel-air  ratio) resulted i n  a thrust  increase of m m e  than ~ c e  
that obtained without afterburning  but at reduced cmbustion  efficiency 
and higher specific  fuel consumption. The i k a p  in burning  efficiency 
a t  the higher thrust. levels E n  be lazgely  attr ibuted  to the reduced 
temperatures a t  the primary  nozzle  necessary t o  keep the inlet at the 
desired  operating  point. 



6 - NACA RM E57C29 

It is of interest  t o  compare the  specific Impulse (based on net 
internal  thrust) of a booster  rocket t o  that  of the ramjet afterburner. 
For the rmjet afterburner a m a i i m u m  specific impulse of 3680  was ob- 

booster  rocket. 
stained as compared w i t h  a representative  value of about 300 for a 

Although the mode of operation was not 88 described in ref'erencsl 
because of unchoking of the primary  nozzle, It was demonstrated that the 
ramjet  afterburner can efficiently provide large  thrust  increases. If a 
way could be found t o  avoid th i s  unchoking, higher over-all combustion 
efficiencies could be attained at maximum thrust, and the problem  of 
scheduling  primary  fuel-air r a t i o  w i t h  thrust  level could  be eliminated. 

SUMMARY OF RESUIZS 

The following results were obtained  during an investigation  in the 
Lewls 10- by 10-foot supersonic wind tunnel a t  a Mach m b e r  of 3.0 o f  
ramjet afterburning with gaseous hydrogen a s  fuel. 

1. A t  a constant diffuser-exit Mach number afterburner  operation 
prduced more than twice the thrust- available as compared t o  operation 
without  afterburning. 

2. Over-all combustion efficiencies a s  hlgh as 77 percent were ob- 
tained  with  afterburning. 

3. With afterburning a specific  fuel consumption of 0.98 and a 
specific hpulse of 3680, based on net internal thrust, were obtained. 

Lewis Flight Propulsicm Laboratory 
National Advisory Cammittee for  Aeronautics 

Cleveland, Ohio, April 1, 1957 
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Figure 1. - Model of 16-inch ramjet afterburner am4 details. (A11 dimmoiona in inches except vhare MM.) 
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Figure 5. - Variation of net-internal-thrust  coeffioient  nith  fuel-air  ratio,  com- 
bustion efficlenoy, and specific  fuel  consumption. All afterburner  injectors 
present. 
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